The thermodynamics of asymmetric liquid-liquid criticality is updated by incorporating pressure effects into the complete-scaling formulation earlier developed for incompressible liquid mixtures ͓C. A. Cerdeiriña et al., Chem. Phys. Lett. 424, 414 ͑2006͒; J. T. Wang et al., Phys. Rev. E 77, 031127 ͑2008͔͒. Specifically, we show that pressure mixing enters into weakly compressible liquid mixtures as a consequence of the pressure dependence of the critical parameters. The theory is used to analyze experimental coexistence-curve data in the mole fraction-temperature, density-temperature, and partial density-temperature planes for a large number of binary liquid mixtures. It is shown how the asymmetry coefficients in the scaling fields are related to the difference in molecular volumes of the two liquid components. The work resolves the question of the so-called "best order parameter" discussed in the literature during the past decades.
I. INTRODUCTION
Fluid mixtures can exhibit a variety of critical phaseseparation phenomena.
1-3 Fluids and fluid mixtures belong to the universality class of Ising-like systems, whose critical behavior is characterized by two independent scaling fields and one dependent scaling field. Asymptotically close to the critical point of fluids, the dependent scaling field becomes a generalized homogeneous function of the independent scaling fields which has the same form as that for the Ising model. 4, 5 Hence, the principle of critical isomorphism [6] [7] [8] [9] asserts that the thermodynamic behavior near the critical points of fluids and fluid mixtures can be mapped onto the critical behavior of the Ising model that has only two independent fields. In the Ising model the critical behavior of the order parameter ͑spontaneous magnetization͒ is symmetric with respect to the ordering field ͑magnetic field͒. The different types of the critical behavior encountered experimentally in fluid mixtures, including the observed asymmetric critical behavior of physical densities, are determined by the specific analytic relationships between the Ising fields and the actual physical fields.
For many years, it was thought that for fluids the two independent Ising scaling fields should be analytic functions of the independent physical fields, while the dependent Ising scaling field was identified with the dependent physical field. This assumption, also referred to as revised scaling, 10 was based on some simple asymmetric models such as the decorated lattice-gas model 11 or the penetrable sphere model 12 and on some empirical considerations of asymmetric asymptotic critical behavior in one-component fluids near the critical point. [13] [14] [15] The implications of this isomorphism assumption for the critical behavior in binary fluid mixtures have been elucidated by Anisimov et al. 16, 17 However, a few years ago, it was pointed out by Fisher and co-workers 18, 19 that in order to account for all asymmetric features of critical phase transitions in fluids, the three Ising scaling fields should be taken as analytic functions of all physical fields including the dependent physical field, a principle referred to as "complete" scaling.
Fisher and co-workers [18] [19] [20] formulated complete scaling explicitly to account for the asymmetric vapor-liquid critical behavior in one-component fluids. Complete scaling turns out to cause a so-called Yang-Yang anomaly for the temperature dependence of the heat capacity in the two-phase region. 18, 19, 21, 22 Even more importantly, complete scaling induces a strong singularity in the temperature dependence of the diameter of the coexisting densities, 18, 20, [23] [24] [25] in addition to a weak singularity known to follow from revised scaling. 10 In two previous publications, 26, 27 we have extended complete scaling to liquid-liquid phase separation and applied the formalism to incompressible liquid mixtures. In incompressible liquid mixtures the pressure does not induce critical concentration fluctuations. Hence, we were able to evaluate the temperature dependence of the solute concentration in the two coexisting liquid phases for the case of an incompressible liquid mixture, neglecting the effect of pressure. Nevertheless, for a complete description of the thermodynamic behavior of critical liquid-liquid phase separation, we do need to include the pressure. First, the partial molar volumes are related to the pressure derivative of the chemical potentials even if the compressibility is zero. Second, in nearly incompressible liquid mixtures the critical parameters do depend on pressure in practice. In the present paper, we shall show how complete scaling can be applied to liquid-liquid phase separation in binary mixtures, to be referred to as weakly compressible liquid mixtures, in which the pressure does not affect the critical concentration fluctuations but does play a role as a nonordering field, 28 causing the presence of a critical locus for phase separation as a function of pressure, as shown schematically in Fig. 1 . The procedure to be developed can also serve as a prototype of how complete scaling can be applied more generally to critical phase transitions in the presence of a nonordering field.
We shall proceed as follows. In Sec. II we introduce the concepts of scaling fields, scaling densities, and complete scaling for the critical behavior of fluids and illustrate these concepts explicitly for the case of one-component fluids near the liquid-vapor-critical point. In Sec. III we then formulate in some more detail the concept of complete scaling for the critical behavior of binary fluid mixtures. In Sec. IV we apply the theory to derive the temperature expansions for various physical densities of the two coexisting liquid phases near the critical point of liquid-liquid phase separation in weakly compressible mixtures. In Sec. V we make some comments on the role of molecular volumes in liquid-liquid phase-separation asymmetry and possible simplifications when the volume of mixing is neglected. In Sec. VI we present a comprehensive analysis of the experimental coexistence-curve data, yielding evidence for the validity of complete scaling. Our results are summarized and discussed in Sec. VII.
II. SCALING FIELDS AND SCALING DENSITIES

A. General formulation
The critical behavior of Ising-like systems can be described in terms of two independent scaling fields, a "strong" scaling field h 1 ͑ordering field͒, a "weak" scaling field h 2 , and a dependent scaling field h 3 , which, asymptotically close to the critical point, becomes a generalized homogeneous function of h 1 and h 2 of the form
where, except for two system-dependent amplitudes, f Ϯ is a universal scaling function with the superscripts Ϯ referring to h 2 Ͼ 0 and h 2 Ͻ 0, respectively, and where ␣ and ␤ are universal critical exponents, 5, 29 
Associated with these scaling fields are two conjugate scaling densities: a strongly fluctuating scaling density 1 ͑order parameter͒ and a weakly fluctuating scaling density 2 such that
͑3͒
For positive values of h 2 , the system is uniform for all values of 1 . For negative values of h 2 , there is a region of twophase equilibrium bounded by a coexistence curve, where 1 = Ϯ cxc . Equation ͑1͒ implies that along this phase boundary the order parameter satisfies an asymptotic power law
In addition, in the two-phase region at h 2 Ͻ 0, the second scaling density 2 will vary as
͑5͒
so that the two-phase "isomorphic" heat capacity diverges as
In Eqs. ͑4͒-͑6͒ B 0 , A 0 − , and B cr are system-dependent amplitudes. The term B cr in Eq. ͑6͒ for the heat capacity arises from an analytic fluctuation-induced contribution to be added to Eq. ͑1͒
30,31
B. Complete scaling in one-component fluids
As a first illustration of the general scaling formulation, we consider its application to the critical behavior of a onecomponent fluid with the chemical potential and the temperature T as the two independent physical fields and with the pressure P as the dependent physical field. To formulate the scaling fields explicitly, it is convenient to introduce the following dimensionless quantities:
where k B is Boltzmann's constant, is the molecular density, and where we adopt the usual convention of designating the value of any thermodynamic property at the critical point by a subscript c. The prototype for the critical behavior in fluids is the lattice gas, which is a simple reformulation of the Ising model for one-component fluids. 15, 32 For the lattice gas, the strong scaling field h 1 is in linear approximation proportional to ⌬ , the weak scaling field h 2 proportional to ⌬T , and the dependent scaling field h 3 proportional to ⌬P . Note that the scaling fields are defined such that at the critical point, h 1 = h 2 = h 3 = 0. It then follows from Eq. ͑3͒ that for the lattice gas the strongly fluctuating scaling density 1 is proportional FIG. 1. Typical three-dimensional liquid-liquid equilibrium surface of a binary system; T, P, x denote temperature, pressure, and mole fraction, respectively. Solid curves represent the ͑upper consolute͒ critical locus and the T-x coexistence curve for a given pressure terminating at the critical point c.
to ⌬ = − 1 and the weakly fluctuating scaling density 2 is proportional to ⌬͑ Ŝ ͒ = Ŝ − Ŝ c , where = / c is the dimensionless molecular density and Ŝ = S / k B is the dimensionless molecular entropy.
Substitution of these expressions for the scaling field h 2 and for the scaling densities 1 and 2 into Eqs. ͑4͒ and ͑6͒ yields the well-known asymptotic critical power laws for the coexisting vapor-liquid densities and for the isochoric heat capacity in the one-phase region along the critical isochore = c as a function of ⌬T . Like the Ising model, the lattice gas is completely symmetric in terms of the order parameter. That is, the average of the coexisting vapor and liquid densities, referred to as coexistence-curve diameter, is equal to the critical density independent of the temperature. However, real fluids are not symmetric and do display a coexistence-curve diameter that depends on temperature. Originally, [10] [11] [12] [13] [14] [15] some vapor-liquid asymmetry was incorporated by introducing revised scaling in which it was assumed that the independent scaling fields h 1 and h 2 should both depend on ⌬ and ⌬T , while the dependent scaling field h 3 was continued to be treated as proportional to ⌬P . However, as was first realized by Fisher and co-workers, 18, 19 one needs to adopt a principle of complete scaling in which all scaling fields should be ͑analytic͒ functions of all physical fields. Specifically, complete scaling implies that in linear approximation the scaling fields for real one-component fluids become [18] [19] [20] 
where a i , b i , and c i are system-dependent coefficients. The resulting asymmetric critical behavior of the one-component fluids, obtained by substituting these expressions for the scaling fields into Eqs. ͑1͒ and ͑3͒, has been elucidated in great detail by Kim et al. 20 and by Anisimov and co-workers 24, 25, 27 and is not repeated here. We only note that revised scaling causes a singular term in the coexistence-curve diameter proportional to ͉⌬T ͉ 1−␣ and complete scaling causes an additional more strongly singular term proportional to ͉⌬T ͉ 2␤ .
III. COMPLETE SCALING IN BINARY FLUID MIXTURES
Appropriate physical fields to specify the thermodynamic behavior of fluid mixtures are the temperature T, the pressure P, the chemical potential 1 of the solvent, and the difference 21 ϵ 2 − 1 between the chemical potential 2 of the solute and the chemical potential 1 of the solvent. To formulate the scaling fields explicitly, we introduce again dimensionless quantities similar to those earlier defined in Eq. ͑7͒,
Complete scaling now implies that in linear approximation the scaling fields for binary fluids become
Equations ͑12͒-͑14͒ are to be supplemented with the GibbsDuhem equation, which reads in terms of dimensionless quantities as
where V ϵ V / V c ϵ −1 is the dimensionless molecular volume and x 2 is the mole fraction of the solute. As shown by Wang et al., 27 the scaling fields can be simplified by taking
͑16͒
so that
The zeros of entropies of the two liquid components are arbitrary. We can use this freedom to select a specific value for the entropy S of the mixture at the critical point and for its concentration derivative ͑‫ץ‬S / ‫ץ‬x 2 ͒ P,T at the critical point. Following Wang et al., 27 we choose for the value of the entropy at the critical point Ŝ c ‫ץ͑−=‬ 1 / ‫ץ‬T ͒ h 1 =0,c . This choice reduces the number of coefficients in Eq. ͑17͒ such that a 2 is related to a 1 by
In addition, we shall take the concentration derivative of the entropy at the critical point ͑‫ץ‬S / ‫ץ‬x 2 ͒ P,T = 0, as further discussed in Sec. V. Substituting Eqs. ͑17͒-͑19͒ into the definition ͑3͒ of the Ising densities and using the Gibbs-Duhem equation ͑15͒, one obtains the following expressions for the physical densities:
We note that at phase coexistence, h 1 = h 1, = 0, so that for liquid-liquid phase-coexistence data at constant pressure, Eqs. ͑17͒-͑19͒ reduce to
where h 2, and h 3, are the scaling fields h 2 and h 3 at coexistence. Solving Eq. ͑26͒ for ⌬ 21 and substituting the result into Eqs. ͑27͒ and ͑28͒, we obtain
Since at coexistence h 3, Ϸ͉h 2 ͉ 2−␣ f − ͑0͒, in accordance with Eq. ͑1͒, we obtain from Eq. ͑30͒,
If we insert Eq. ͑31͒ into Eq. ͑29͒ and solve iteratively for h 2, , we find that in leading order h 2, varies with temperature as
which, upon substitution of the relationship ͑16͒ between the coefficients a 1 and a 2 , reduces to
We note that the choice Ŝ c ‫ץ͑−=‬ 1 / ‫ץ‬T ͒ h 1 =0,c for the critical entropy entering into Eq. ͑34͒ for 0 has only been made for convenience. The resulting expressions for all physically observable quantities do not depend on this particular choice.
IV. APPLICATION TO WEAKLY COMPRESSIBLE LIQUID MIXTURES
In two earlier publications, 26, 27 we have considered some consequences of complete scaling for the case of incompressible liquid mixtures by neglecting the contribution of the pressure ⌬P from the pressure in Eqs. ͑13͒ and ͑14͒ for the two independent scaling fields, h 1 and h 2 ͑i.e., by taking a 3 = b 3 =0͒. Thus, instead of the more complete expressions ͑17͒ and ͑18͒, we started from the simpler expressions 26, 27 
while retaining expression ͑19͒ for the dependent scaling field h 3 so that the molecular volume V can be defined thermodynamically consistent with Eq. ͑15͒. However, most liquid mixtures are weakly compressible for which the critical point of liquid-liquid phase separation is not a single point, but is located on a critical locus that does depend on pressure, as was indicated in Fig. 1 . Hence, the critical parameters, as well as the coefficients in expressions ͑35͒ and ͑36͒ for the scaling fields, depend on the pressure as a hidden field,
If we now expand Eqs. ͑37͒ and ͑38͒ in terms of ⌬P = P − P c 0 , where P c 0 is the experimental reference pressure and only retain the leading-order terms, we recover Eqs. ͑17͒-͑19͒ for the scaling fields, where the coefficients a 1 , a 2 , b 2 , and b 4 in Eqs. ͑17͒ and ͑18͒ are to be identified with the values a i ͑P c 0 ͒ and b i ͑P c 0 ͒ at the reference pressure P = P c 0 , while the asymmetry coefficients a 3 and b 3 are given by
͑40͒
In these expressions the pressure derivatives are to be taken along the critical locus at P = P c 0 . For the dependent scaling field h 3 , we continue to use Eq. ͑19͒ which did not contain the incompressibility approximation. From Eqs. ͑39͒ and ͑40͒, we see that in weakly compressible liquid mixtures the pressure does contribute to the scaling fields through the pressure dependence of the critical parameters.
We now consider the expansions of some physical densities as a function of temperature along the phase boundary. They are derived by substituting the asymptotic power laws ͑4͒ and ͑5͒ into Eqs. ͑21͒-͑25͒ and expanding the results into ͉⌬T ͉. For any physical density Z, one then obtains an expansion of the form
The amplitudes Â 0 − and B cr in Eq. ͑41͒ are related to the Ising amplitudes in Eqs. ͑4͒ and ͑5͒ by
with 0 given in Eq. ͑34͒. The amplitudes Â 0 − and B cr now specify the asymptotic divergence of the dimensionless twophase molecular heat capacity Ĉ P = C P / k B ,
In Eq. ͑41͒ we have included a symmetric correction-toscaling term with exponent ⌬ 1 Ӎ 0.5, as was done by Kim et al. 20 for a one-component fluid.
It is convenient to distinguish between the difference and the sum of the values of the physical densities in the two coexisting phases: the "width" of the phase boundary ͑Z + − Z − ͒ / 2 ϵ ⌬Z cxc and the "diameter" ͑Z + + Z − ͒ / 2 ϵ Z d , which will be expressed in terms of the deviation function
and
In this paper, we shall consider specifically the mole fraction x 2 , the dimensionless density , and the dimensionless partial molar density x 2 . The expressions for the coefficients B 0 Z , B 2 Z , D 2 Z , and D 1 Z for these properties in the expansions ͑44͒ and ͑45͒ are given by
The coefficient B 1 Z of the correction-to-scaling term in the expansion ͑44͒ is the same for all properties:
We note that for all properties the diameter ⌬Z d has a singular term proportional to ͉⌬T ͉ 2␤ and another singular term related to the two-phase heat capacity. However, the physical origin of the leading singularity is different, depending on the property considered. For the mole fraction x 2 , the amplitudes B 0
x 2 , and D 1 x 2 are independent of the coefficients a 3 and b 3 representing the pressure contributions in expressions ͑17͒ and ͑18͒ for the scaling fields. Hence, the expansion for the mole fraction x 2 of a weakly compressible liquid mixture is identical to that for an incompressible liquid mixture. 26, 27 However, the coefficients D 2 and D 2 x 2 for the singular term proportional to ͉⌬T ͉ 2␤ in the diameters for and x 2 are proportional to a 3 given by Eq. ͑39͒. The presence of a singular term proportional to ͉⌬T ͉ 1−␣ in the expansion of the diameters has been recognized for many years since it is already a consequence of revised scaling. [10] [11] [12] [13] [14] [15] However, a singular term proportional to ͉⌬T ͉ 2␤ , sometimes observed phenomenologically, was traditionally thought to be an artifact due to an "incorrect" choice of the order parameter. 33 We now see that the contribution proportional to ͉⌬T ͉ 2␤ in the expansion of the diameter of the mole fraction x 2 is due to complete scaling ͑a 1 0͒ as pointed out previously, 26, 27 while a similar singular term in the expansion for the densities and x 2 is a consequence of the dependence of the critical parameters on pressure through the coefficient a 3 0 given by Eq. ͑39͒.
We conclude this section by considering as an example explicitly the expansions for the mole fraction x 2 . For the difference ⌬x 2,cxc = ͑x 2 + − x 2 − ͒ / 2 and the diameter ⌬x 2,d = ͑x 2 + + x 2 − ͒ / 2−x 2,c , we obtain
In our previous papers, 26, 27 we have retained in Eq. ͑50͒ only the leading term proportional to ͉⌬T ͉ ␤ , which already yields a good description of the asymptotic behavior of ⌬x 2,cxc . However, complete scaling with a 1 0 yields not only a singular contribution in the diameter proportional to ͉⌬T ͉ 2␤ but also a confluent singularity proportional to ͉⌬T ͉ 2␤ in the difference between the mole fractions of the coexisting phases. 20 Equation ͑51͒ can be written in the form 
, ͑53͒
Thus, the singular behavior of the coexistence-curve diameter is determined by two asymmetry coefficients a eff and b eff , as previously pointed out by Wang et al.
27
V. ROLE OF MOLECULAR VOLUMES
In a previous analysis of the coexistence-curve data for liquid solutions of nitrobenzene in a series of hydrocarbons, we found a close relationship between the asymmetry coefficients a eff and b eff in Eq. ͑52͒ and the solute-solvent molecular-volume ratios. 26, 27 Hence, it is of interest to consider the relationship between the asymmetry coefficients and the molecular volumes of the two liquid components. For this purpose, we note that
where V i and S i are the partial molar volume and partial molar entropy of component i. From Eq. ͑55͒, it follows that for the pressure derivatives of the chemical potentials at the critical point
where V i,c and S i,c are the values of the partial molar volume and partial molar entropy at the critical point of the mixture. Substitution of Eq. ͑56͒ into expression ͑39͒ for the coefficient a 3 yields
͑57͒
where
and dT c / dP = c k B dT c / dP. From Eq. ͑20͒, we note that
so that upon substituting Eq. ͑58͒ into Eq. ͑57͒,
͑59͒
The experimental values of the dimensionless slope dT c / dP are usually small for liquid-liquid systems 34 ͑see Table I͒ . However, as earlier mentioned in Sec. III, the reference entropies of the two components are arbitrary so that we can select a value not only for the entropy at the critical point in accordance with Eq. ͑20͒, but we are also free to select a value zero for its concentration derivative ͑‫ץ‬S / ‫ץ‬x 2 ͒ P,T = S 2 − S 1 at the critical point. With this choice, we obtain from Eq. ͑59͒,
If we assume that the volume of mixing V E is negligibly small, then
where V i 0 = V i 0 / V c with V i 0 being the molecular volumes of the two individual components i =1,2. Actually, in the idealvolumetric approximation, Eq. ͑61͒ follows directly from Eq. ͑57͒ due to an exact relation 35, 42 dT c dP = lim
from which one infers that dT c / dP = 0 when V = ͑1−x 2 ͒V 1 0 + x 2 V 2 0 . ͓H denotes the enthalpy in Eq. ͑62͒.͔ Alternatively, one can start from
so that asymptotically
By equating the amplitude of the ͉⌬T ͉ ␤ in Eq. ͑64͒ with the amplitude B 0 in Eq. ͑46͒, one obtains Eq. ͑61͒. It is interesting to consider three special cases. The first is the incompressible limit ͑a 3 =0͒ so that 
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Thus, the coefficient a 1 is related to the solute-solvent molecular-volume ratio V 2 0 / V 1 0 . If we label the liquid with the smaller molecular volume as solvent 1, the coefficient a 1 will be negative. The asymmetry coefficient a 1 vanishes as V 2 0 / V 1 0 → 1, whereas it becomes large for mixtures with very dissimilar molecular volumes ͑i.e., when V 2 0 / V 1 0 is large͒. Another interesting case is a 1 = 0 so that from Eq. ͑61͒,
and the coefficient a 3 takes on negative values whose magnitude depends on the difference between the molecular volumes of the two individual components. Finally, when V 1 0 = V 2 0 , Eq. ͑61͒ turns into
VI. ANALYSIS OF THE EXPERIMENTAL DATA
A. Overview
Visual methods ͑I͒ or refractive-index measurements ͑II͒ are the methods most frequently used for determining liquidliquid coexistence curves. 43 In method I, the phaseseparation temperature of a mixture with a known composition x is visually determined by cooling or heating the sample until mixing or demixing is observed. To obtain the x-T coexistence curves, this process needs to be repeated for a number of samples with different x. A limitation of the method is that the set of phase-transition temperatures of the various samples can exhibit inconsistencies because of impurity effects. In method II, one needs only one mixture with a near-critical composition for which the refractive index n of the two coexisting phases is measured as a function of temperature. These measurements are converted to values for the compositions of the coexisting phases by two main approaches. In the first approach ͑IIA͒, one uses the LorentzLorenz ͑LL͒ equation for the refractive index. This procedure assumes that the LL equation does not exhibit any singular behavior at the critical point. 44 The validity of this assumption is not obvious, 45, 46 but some experiments seem to indicate that deviations may be negligible in practice. 47, 48 Another approach ͑IIb͒ is to convert n͑T͒ data into x͑T͒ by using the previously experimentally determined n͑T , x͒ function that describes the behavior of n as the one-phase region close to the phase boundary, as adopted by An et al. 49 The accuracy of this procedure depends on the accuracy of the calibration function n͑T , x͒. Method II has the advantage that it directly provides data for the coexisting phase as a function of temperature for a single sample.
In selecting coexistence-curve data, we have taken the limitations associated with the various experimental procedures into consideration. As for method I, we have carefully checked the internal consistency of the available x-T data. Moreover, for each original data point, the corresponding x value on the opposite branch of the coexistence boundary was obtained by interpolation. As for method II, we have restricted our analysis to the data obtained with method IIb ͑for simplicity, referred to as method II͒ to avoid any problems that may be associated with the use of the LL equation. In addition, data for perfluorohexane-alkane mixtures, obtained with an optical technique called "narrow-beam ␥-raying," 50, 51 have been included for analysis. This experimental method, in which a regular volume of mixing was assumed in the treatment of the original results, has all the advantages of method II.
Experimental mole-fraction data have been converted to data for the volume fraction via
if one neglects any volume of mixing ͑i.e., V E =0͒. Then the partial density is obtained by using the exact relation
In previous publications, 26, 27 we have verified the presence of complete scaling with a 1 0 by analyzing the expansions for the mole fractions of a number of liquid-liquid systems. To verify the presence of pressure mixing in complete scaling, i.e., whether a 3 0, we prefer first to analyze experimental density data not possibly contaminated by any approximation. As far as we are aware, such data exist for nitroethane-3-methylpentane ͑NE-3MP͒ ͑Ref. 52͒ and for isobutyric acid-water. 53, 54 However, the system isobutyric acid-water exhibits little asymmetry. Hence, the first candidate system for checking pressure mixing unambiguously is NE-3MP to be analyzed in Sec. VI B.
In Sec. VI C we report the results obtained from an analysis of the x-T and x-T data for 37 systems listed in Tables II and III . For the analysis we considered the original coexistence-curve data obtained by methods I and II, but restricted to ͉T − T c ͉ Շ 10 K ͑or, equivalently, ͉⌬T ͉ Շ 0.03͒. As an example, we show in Figs. 2 and 3 the coexistence-curve data for methanol-heptane, 60 a system in which asymmetry effects are clearly present. In Fig. 2 we show the coexistence-curve of this system for both the mole fraction x 2 and the partial density x 2 as a function of temperature. Figure 3 shows the diameters ⌬x 2,d and ⌬͑ x 2 ͒ d as a function of ͉⌬T ͉ for this system. In Sec. VI C we shall describe the procedures adopted for determining the asymmetry coefficients a 1 and a 3 and the relationship between the observed asymmetries and the molecular volumes of the components. Figure 4͑a͒ shows the temperature dependence of the density diameter ⌬ d of NE-3MP.
B. Evidence for pressure mixing
It is evident that this diameter exhibits singular critical behavior. To check whether a contribution proportional to ͉⌬T ͉ 2␤ is present due to pressure mixing, we consider the expansion ͑45͒ for the density diameter
To obtain ⌬ d , we first determined the critical temperature T c as the temperature at which the coexistence-width vanishes and then the critical density c . To design an adequate, physically reliable strategy for determining a 1 and a 3 , it is useful to focus on x 2 and x 2 . First, it is instructive to analyze the values for the effective critical exponents of the coexistence-curve diameters. Again we first determined T c and x 2,c as before, namely, the former was identified with the temperature at which the coexistencecurve width vanishes, while x 2,c is the value of the diameter at the critical temperature. From log-log plots ͑see Fig. 5 for illustration͒ we found that values for the effective exponent eff x 2 of many mixtures ͑shown in Tables II and III͒ are close to 2␤ Ӎ 0.65. Hence, it appears that for many weakly TABLE II. Critical parameters T c and x 2,c , effective critical exponents eff x 2 , reduced volumes V i,c of the pure liquids at the critical point, and results of fits to Eqs. ͑71͒ and ͑72͒ ͑the relevant information here are the mixing coefficients a 1 and a 3 ͒ for systems whose coexistence curves were determined by visual methods ͑see text͒; superscript "calc" means "calculated values from Eq. ͑61͒." compressible liquid mixtures terms beyond ͉⌬T ͉ 2␤ are of minor importance within the temperature range under consideration. It has been noticed previously for the ⌬x 2,d of nitrobenzene-alkane solutions 26, 27 that, while a term proportional to ͉⌬T ͉ 1−␣ is significant for NB-C 5 , its significance decreases with increasing alkane number. With regard to ⌬͑ x 2 ͒ d , some systems display nearly constant diameters with eff x 2 values, not shown here explicitly, that fall between 2␤ and 1 − ␣ for a few systems ͑namely, NE-3MP, alcoholalkane, and perflurorohexane-alkane systems͒. In the more general cases, the value of eff x 2 varies from 0 to 0.5. We have observed that the deviations of ⌬͑ x 2 ͒ d from zero are usually very small ͑unlike for ⌬x 2,d ͒, thus making it difficult to determine the nature of the behavior ͑singular or regular͒ of ⌬͑ x 2 ͒ d . We expect singular contributions to be present, but higher experimental accuracy would be required in order to identify them unambiguously. While our main interest is focused on coexistence-curve diameters, it will be useful to also study the widths of the coexistence curves since their behavior is related to that of diameters, as was noted in Sec. IV. This way, we can obtain a complete analysis of the shapes of the coexistence curves. We thus have chosen to fit data for the diameter and for the width of both x 2 -T and x 2 -T coexistence curves to the corresponding theoretical expansions simultaneously. In accordance with the preliminary observations discussed in the preceding paragraph, the following expressions were adopted: a 1 and a 3 ͒ for systems whose coexistence curves were determined from refractive-index, buoyancy, and ␥-raying measurements ͑see text͒; superscript "calc" means "calculated values from Eq. ͑61͒." 
Experimental data within ͉T − T c ͉ ഛ⌬T have been included in the fit. 
where Z can be either x 2 or x 2 . In the absence of heatcapacity data for many of the systems, it is not advisable in the expansion ͑45͒ for the diameter to use the coefficients of the terms proportional to ͉⌬T ͉ 1−␣ and ͉⌬T ͉ both as adjustable parameters since these two terms are highly correlated 23 and they have opposite signs. Hence, we have replaced these two terms by one term proportional to ͉⌬T ͉ 1−␣ with an effective amplitude D 1,eff Z . Initially, the fitting parameters were a 1 , a 3 , are not needed for a reasonably good thermodynamic description ͑see, e.g., Fig. 6͒ . Hence, to keep the number of parameters to a minimum so as to reduce correlation effects, the coefficients B 1 x 2 , B 1 x 2 , and D 1,eff x 2 were set equal to zero in the subsequent fits. Actually, symmetric corrections-to-scaling are expected to be small within the temperature range considered, 17 while the net effect of the contributions proportional to ͉⌬T ͉ 1−␣ and ͉⌬T ͉, which have opposite sign, appears to be of minor significance for ⌬x 2,d , as discussed above. However, for ⌬͑ x 2 ͒ d an ͑effective͒ ͉⌬T ͉ 1−␣ term, in addition to the ͉⌬T ͉ 2␤ contribution, is generally required. All relevant information deduced from the fits-obtained by labeling the liquid with lower volume per particle V as component 1-is displayed in Tables II and III . The values of the coefficients B 2 Z and D 2 Z in Eqs. ͑71͒ and ͑72͒ can be readily deduced from the information in Tables II and III with the aid of Eqs. ͑47͒ and ͑48͒. Before discussing the results, we first note that, in all cases, the x-T diameter bends toward the phase rich in the liquid with lower V. As Tables II  and III It is informative to analyze the results obtained for a 1 and a 3 from different sources. This is possible for nitrobenzene-alkane and dimethyl carbonate-alkane mixtures, for which data observed by both methods I and II are available. The results, depicted in Fig. 7 for the nitrobenzene-alkane series, exhibit a good internal consistency at a quantitative level. Hence, we confirm that measurements for the same system performed in different laboratories by using distinct experimental techniques yield essentially the same results. It is then fair to assert that the observed asymmetry effects are not due to experimental errors and/or numerical artifacts in data treatment and points toward the reliability of the adopted fitting approaches. Inconsistencies between the values of the asymmetry coefficients from different data sets arise when the diameter is almost linear and the asymmetry effects are small.
The results for a 3 must be considered with some caution because they have been calculated under the assumption V = 0, disregarding any excess volume effects in the estimation of the critical density. Regarding the singular behavior, it is difficult to judge precisely to which extent any nonzero vol- ume of mixing matters. Nevertheless, a rough estimation is possible in the case of NE-3MP, for which, as mentioned, density data at coexistence are available. Figure 8 shows the V-T coexistence curve for this system. As can be seen, the diameter varies 0.3 g cm −3 within ͉T − T c ͉ Շ 2.3 K. Experiments for this system 77 reveal that the width of the V E -T coexistence curve at ͉T − T c ͉Ӎ2.8 K is approximately 0.2 g cm −3 . Estimating generously that the anomaly in the excess volume diameter is not larger than the 25% of the width at ͉T − T c ͉Ӎ2.8 K, we get a maximum error of 0.05 g cm −3 . Clearly, such an error associated with the V E = 0 assumption does not change the picture significantly. In any case, within the ideal-volumetric-mixing approximation, the following features of a 3 are observed. When nonzero, this mixing coefficient is usually negative and small in magnitude ͑compared to a 1 ͒. However, some systems ͑e.g., alcohol-alkane mixtures͒ do display a significant ͉⌬T ͉ 2␤ singularity in their x 2 diameters ͑see Fig. 3͒ . We note from Eq. ͑46͒ that negative values of a 1 and a 3 imply that the ampli-
for the difference between the coexisting densities is also negative. This means that the solute-rich phase has a lower density than the solvent-rich phase.
We conclude with some comments regarding the role of molecular volumes. For all systems studied we have calculated a 3 by introducing both the fitted a 1 and the V i,c 0 values into Eq. ͑61͒. The results are included ͑with the values of Tables II and III. As can be seen, the a 3 values predicted from Eq. ͑61͒ are in very good agreement with those obtained from the T-x data directly. This fact may not be surprising since the experimental data were determined in the V E = 0 approximation, which leads to Eq. ͑61͒, but it does suggest that the employed procedures for obtaining a 1 and a 3 from experimental data are fairly adequate. As regards the particular case a 3 = 0, it is observed that values of a 1 as a function of V 2,c 0 / V 1,c 0 for systems with nearly vanishing a 3 values ͑say, ͉a 3 ͉ less than 0.3͒ are in agreement with Eq. ͑65͒: as Fig. 9 shows, they do follow a straight line with consistent values for both the slope and the intercept. On the other hand, the case a 1 =0 ͓Eq. ͑66͔͒ is unlikely to be of high interest since we are not aware of any system exhibiting such behavior. Indeed, we have observed that a 3 Ӎ 0 only when a 1 Ӎ 0 ͑with V 2,c 0 Ϸ V 1,c 0 ͒; this is the case of a fully symmetric system ͑see, e.g., results for nitrobenzene-pentane͒.
VII. DISCUSSION
We have shown how pressure is incorporated into the complete-scaling formulation of asymmetric liquid-liquid criticality in weakly compressible binary mixtures. Pressure mixing in the scaling fields is found to originate from the dependence of the critical parameters on pressure. We have demonstrated that contributions proportional to ͉⌬T ͉ 2␤ in the 
154502-11
Asymmetric criticality in liquid mixtures J. Chem. Phys. 132, 154502 ͑2010͒
coexistence-curve diameters in the x-T and x-T planes arise from 1 mixing and P mixing into the ordering field, respectively. Experimental data for a large number of mixtures support the existence of these singularities in the coexistencecurve diameters. They are especially relevant for the case of x-T coexistence curves, from which we have found reliable values for the mixing coefficient a 1 . The situation regarding a 3 is somewhat less definitive since only data for one system ͑NE-3MP͒ could be investigated without any assumption of ideal-volumetric mixing. That is, actual experimental methods provide good x-T data, while, in the majority of cases, -T and x − T coexistence curves are obtained indirectly either by assuming that V E = 0 or by using approximated, regular V E ͑x͒ functions. Therefore, it would be desirable to obtain accurate -T measurements for systems for which good x-T data are available.
We have found that the molecular volume plays an important role in liquid-liquid coexistence asymmetry. In particular, the x-T diameter always bends toward the phase rich in the component with lower molecular volume. ͑For purefluid criticality the diameter curves toward the less dense vapor phase͒. More fundamentally, thermodynamics provides useful insights on the role of molecular volumes from fairly simple arguments: by appropriately choosing the zeropoint entropy values of the pure components, and assuming a vanishing volume of mixing, we have found that a 1 and a 3 are mutually related via the molecular volumes. As a matter of fact, for the ͑quite frequent͒ a 3 Ӎ 0 case, it has been shown that a 1 correlates remarkably well with the solute/solvent molecular volume ratio.
To put the above findings in an appropriate context, we first note that the notion that "asymmetry of liquid-liquid coexistence curves is ͑in part͒ driven by molecular volumes" is not new. It is essential, however, to characterize precisely what is meant by asymmetry. Before the development of the modern theory of critical phenomena, the deviation of the critical composition from 0.5 and the value of the slope of what was at that time called "linear" diameter were appropriate measures of asymmetry. The issue has been discussed by Damay and LeClercq 78 from a more contemporary point of view. Specifically, they suggested that the ͉⌬T ͉ 2␤ singularity is due to what they called the size effect, while the ͉⌬T ͉ 1−␣ singularity originates from field mixing. Our analysis agrees with theirs in that, under certain restrictive assumptions, the ͉⌬T ͉ 2␤ anomaly in the x-T diameter is controlled by the solute/solvent molecular volume ratio ͑or size effect͒. However, as we have demonstrated, both sources of asymmetry arise from field mixing. In other words, complete scaling incorporates, in a natural way, also the size effect into the thermodynamics of the system in the critical region.
In this work, we have confined ourselves to mixtures composed of molecular liquids. Further work will entail studying the coexistence curves of mixtures involving complex fluids. Polymer solutions are interesting in that there is a large difference between the molecular volume of the polymer and that of the solvent; however, care must been taken since these systems display also crossover from Ising critical behavior to ͑mean-field-like͒ theta-point tricriticality as the polymer size is increased. [79] [80] [81] The critical behavior in ionic solutions-which is Ising-like 29 -also displays large asymmetry effects 82 with some special subtle features. 83 Applying complete scaling to these problems will be another interesting problem.
